Deep sea submersibles such as remotely operated vehicles (ROVs, e.g., Jason/Medea) and human-occupied vehicles (HOVs, e.g., DSV Alvin) have revolutionized research by allowing viewing and recording of deep sea environments as well as in situ experimentation and specimen collection. Observations of activities and behavior of benthic fauna for extended periods is not practical, however, given the expense and/or limited bottom time of ROVs and HOVs. The absence of longterm observations may slow discovery of key biological/ecological phenomena, since rare events are not often documented. For example, the first observation of spawning by the giant tubeworm Riftia pachyptila happened by a chance sighting, despite hundreds of dives that have visited this environment (Van Dover 1994) . Cabled observatories are planned and will provide a powerful means of allowing a continuous presence for instrumentation and observation in the deep sea (see the Neptune Canada project; Barnes et al. 2007) . One disadvantage is the overall cost, and the limitation that deployments are generally fixed at one area for long periods, until the instrumentation can be moved by submersible.
Introduction
Deep sea submersibles such as remotely operated vehicles (ROVs, e.g., Jason/Medea) and human-occupied vehicles (HOVs, e.g., DSV Alvin) have revolutionized research by allowing viewing and recording of deep sea environments as well as in situ experimentation and specimen collection. Observations of activities and behavior of benthic fauna for extended periods is not practical, however, given the expense and/or limited bottom time of ROVs and HOVs. The absence of longterm observations may slow discovery of key biological/ecological phenomena, since rare events are not often documented. For example, the first observation of spawning by the giant tubeworm Riftia pachyptila happened by a chance sighting, despite hundreds of dives that have visited this environment (Van Dover 1994) . Cabled observatories are planned and will provide a powerful means of allowing a continuous presence for instrumentation and observation in the deep sea (see the Neptune Canada project; Barnes et al. 2007) . One disadvantage is the overall cost, and the limitation that deployments are generally fixed at one area for long periods, until the instrumentation can be moved by submersible.
The ability to deploy one or several additional observation platforms by submersible can multiply the capability for observation of biota and, for biological studies, greatly increase the amount of observational data with a negligible increase in cost to the operations. Here we describe the standalone instrument SMOKE (Submersible Macrophotography Observation Kamera Equipment). SMOKE is capable of timelapse photography for up to 28 h, with simultaneous recording of temperature (for use in hydrothermal vent environments), and was recently deployed at greater than 2200 m depth at the Juan de Fuca Ridge in the Northeast Pacific. This instrument is less expensive and simpler than other deep-sea imaging and time-lapse devices. Each element is stand-alone and functions independently, thus this approach increases instrument reliability via reduced complexity. In its present configuration, SMOKE is designed as an underwater macro camera capable of acquiring high-resolution pictures of small organisms in an 18-by 14-cm field of view. The camera operates without external connections. Image acquisition rate is set before deployment, and autofocus exposure features are used to control focus and exposure time. Power is supplied by an internal battery. Lighting is provided by what we believe is a novel underwater LED lighting system. Because there are no significant gas spaces, these LED lights do not require pressure testing for use with HOVs. Each light contains its own power supply and provides continuous lighting that is not synchronized with the camera. The power draw of each light is low, so 48 h of illumination can be provided from three AA size batteries. Furthermore, these lights are used in conjunction with a white acrylic diffuser, which provides even illumination over the field of coverage. Environmental temperature data are collected using stand-alone temperature loggers. These are smaller than HOBO-based systems that are commonly used, do not require external power, and allow continuous data acquisition over the entire deployment period.
SMOKE was designed to monitor temperature and macrofaunal assemblages at the Juan de Fuca Ridge. This environment is characterized by hydrothermal vents known for their pronounced temperature fluctuations, caused by mixing of hot hydrothermal vent fluid with ambient sea water. In our opinion, however, this instrument can also assist in many shallow or deep sea studies requiring image and/or temperature data over 1-to 3-day periods.
Materials and Methods
Configuration-SMOKE consists of an arc-welded steel frame (L, W, H: 49.5 × 44.5 × 40.6 cm [19.5 × 17.5 × 16 inches]) coated with heat-resistant acrylic paint, functioning as main structure (Fig. 1) . This frame was designed mission-specific for use with DSV Alvin for macrophotography at our study sites. In general, frame design would need to take into account field of view, terrain, and deployment method. In this study, the frame holds the camera housing, LED lighting system, light diffuser, and temperature sensors. All four frame legs are equipped with adjustable stainless steel extensions to raise the frame in case a larger field of view is required. After initial test series, 2 lb lead weight was mounted to each leg for increased stability when deployed on a substratum with a high slope angle. Alternatively, syntactic foam floats could have been used to modify the center of gravity.
Camera and housing-We used the digital camera Nikon Coolpix P4 (8.1 MP) owing to its built-in ability to take highquality pictures in time-lapse series, ranging from one picture every 30 s to every hour (1800 pictures maximum). This capability is also present in some of the latest Coolpix models (see "Outlook"). Test runs revealed that setting the camera to a 5-min interval (a picture is taken every 5 min) in autofocus mode allows the rechargeable battery to provide power for approximately 450 pictures at a resolution of 2048 × 1536 pixels (300 dpi). Alternatively. any digital camera with time-lapse function and sufficient resolution can be used in our camera housing.
The housing was machined from 7-inch-diameter aluminum 6061 round stock (Fig. 2) . Access to the camera compartment is through a detachable endcap on the back side which has an O-ring face seal. Pictures are taken through a 19.1-mm-diameter × 101.6-mm-thickness (4 × 0.75 inches) acrylic plastic window, held in place by an aluminum ring, stainless steel cap screws, and an O-ring. Our design allows
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Macro camera temperature logger array replacement of the window in case of scratching or other damages. The ability to withstand hydrostatic pressure of the camera housing and acrylic window was calculated based on material, thickness, and supporting structure using the software Under Pressure (Deep Sea Power and Light) ( Table 1) . Light source-Sufficient light for macro photography is provided by a novel underwater LED lighting system consisting of up to eight LED flashlights with 12 super-bright white LEDs (Fig. 3) . Power supply comes from four rechargeable AA 1.5-V batteries (NiMH). Alternatively, a few flashlight prototypes were equipped with three alkaline AA batteries (Fig. 3) . Use of four rechargeable batteries required an additional resistor because of their higher combined voltage. To provide pressure resistance and water protection, the batteries as well as the LEDs were embedded in epoxy resin (West System Inc.). Pressure tests were performed in our laboratory using an aluminum high-pressure chamber. High-performance liquid chromatography (HPLC) high-pressure pumps (Beckman) provided hydrostatic pressure of up to 3300 psi, resembling a depth of 2200 m. To achieve evenly lit photographs, we equipped SMOKE with a pure white, nonyellowing acrylic dome (hemisphere 184.15 mm diameter) to serve as a light diffuser (Fig. 1) . To keep our device simple and inexpensive, a connection and synchronization between light source and camera was omitted.
Temperature recording-In situ temperatures were recorded by up to five temperature sensors. Each sensor/logger unit measures 19.05 mm (0.75 inches) in diameter and 25.4 mm (1 inch) in height and is powered by an internal battery. The units consist of a Thermochron iButton temperature logger (Maxim Integrated Products), removed from its steel canister and embedded in an aluminum case filled with epoxy resin (West System Inc.). Two titanium wires connected to the temperature logger protruded from the epoxy, allowed communication with the sensor. A more reliable alternative that has been pressure tested in our laboratory involves a titanium housing, sealed with two polycarbonate endcaps (Fig. 4) . Programming and data acquisition was performed using the software iButton Viewer in combination with the 1-Wire Driver (Maxim Integrated Products). The Thermochron models used have a rated accuracy of ± 0.5°C and were regularly checked against a NIST-traceable digital thermometer. Response times were generally less than 20 s. Pressure tests on
Macro camera temperature logger array 529 Note that the acrylic window would be the first part to fail in case of overpressurizing. Thermochrons embedded in epoxy and in aluminum housings were undertaken in our laboratory (see "Light source"). For in situ deployments, the temperature sensors were positioned with and held in place by nylon-coated stainless steel wires (American Fishing Wire) stretching in an x-shape between the four frame legs. Connection between wires and frame legs was accomplished by bungee cords to achieve a somewhat flexible mounting of the temperature sensor array, allowing contact and an adequate integration of the sensors in the three-dimensional structure of macrofaunal assemblages. Because of their size, the sensors cannot resolve spatial changes that are smaller than the dimensions of the sensor housing. Furthermore, if the sensor housing is in contact with a heat source, the recorded temperature will reflect the temperature of the heat source.
In situ deployment-The SMOKE device was deployed at two different sampling sites at the Endeavour segment of the Juan de Fuca Ridge in the Northeast Pacific by the submersible DSV Alvin in July 2008. Observation site 1 (dive 4419-4420) located at the Main Endeavour vent field (47° 57'N, 129° 06'W; 2196 m depth) was characterized as a moderate-temperature diffuse flow area, whereas site 2 (dive 4417-4418) located at the Mothra vent field (47° 55'N, 129° 06'W; 2275 m depth) was identified as a low-temperature diffuse flow area. Both sites were observed continuously over at least 28 h, whereby SMOKE scanned the temperature every minute and took a high-resolution image every 5 min.
Results
High-pressure stability-All functional parts of the SMOKE device successfully passed high-pressure testing. The camera housing, designed to maintain an internal pressure of 1 atm, was tested at the Woods Hole Oceanographic Institute (WHOI) and successfully completed 10 pressurization cycles to 5480 psi. Thus the housing was certified for use with the HOV Alvin to 2500 m depth. Pressure testing of the LED lighting system in our laboratory showed that a very careful embedding of the batteries in sufficient epoxy is necessary. Otherwise, the smallest gas-filled internal void spaces are affected by the pressure, causing the battery to fail. Finally, we could achieve a continuous performance of the LED lights for up to 48 h at 3300 psi, followed by successful recharging. Temperature sensor units were pressure tested at room temperature with rapid pressurization to 3300 psi to determine whether the electronics and temperature readings were affected by pressurization. However, some epoxy-embedded loggers would fail during deployment, resulting in no recoverable data. Consequently, future deployments will involve only titanium and polycarbonate pressure housings.
In situ temperature monitoring-The SMOKE device was successfully deployed on four dives to a maximum depth of 2275 m, and we present example data from two sampling sites in this study. The mean temperature of all five operating temperature sensors over the observed 28-h deployment period at site 1 was 13.52°C ± 7.37°C (mean ± SD; n = 8155). The lowest and the highest temperatures recorded were 3°C and 29°C, respectively (Fig. 5A) . A steep spatial gradient was detected, with sensors 6 and 7 showing higher temperature recordings than sensors 3 and 5 (Fig. 5A, B) . The highest temporal variation in temperature was recorded for probe 5, spanning from 6°C to 23.5°C, representing a 17.5°C temperature change (Fig. 5C) .
At observation site 2, the temperature sensor arrangement was kept the same (Fig. 5B) , except for sensor 1, which was removed. The mean temperature of all four operating temperature sensors over the observed 28.5-h deployment period was 5.30°C ± 1.29°C (n = 6588), whereas the lowest and highest recorded temperatures were 2.5°C and 7.5°C, respectively. A low spatial temperature gradient could be observed, with higher mean temperatures for sensors 7, 6, and 5 compared to sensor 3 (data not shown). The temporal variations ranged from 1.5°C (sensors 3 and 6) to 2.5°C (sensor 5) during the entire deployment time. The first hour of the deployment was not recorded due to inaccurate software programming.
Faunal assemblage observation-The SMOKE device provided detailed pictures (3.1 megapixels) of macrofaunal assemblages at the observation sites (Fig. 6) . The LED flashlights maintained a constant light source, and the diffusing effect of the light dome ensured equal light conditions over the entire surveyed area. Camera shutter speed averaged between 1/3 and 2 s. These light conditions enabled the autofocus exposure feature to readjust before taking a picture, providing in-focus photographs of the faunal assemblage (Fig. 6A) . The resolution of the images easily allowed the identification of specimens as small as 2 mm (Fig. 6B) . Preliminary analysis of time-lapse imaging data revealed distinct faunal assemblages for each observation site. The dominant species at site 1 were gastropods (Lepetodrilus fucensis and Depressigyra globulus) followed by polychaetes such as Paralvinella palmiformis, Ridgeia piscesae, and Branchinotogluma tunnicliffae (Fig. 6A) . Observation site 2 was dominated by large gastropods (Buccinum sp.) and sea spiders (Pycnogonida, Crustacea).
Discussion
The SMOKE device successfully completed several dives to a maximum depth of 2275 m and provided detailed pictures synchronized with micro-scale temperature readings. Due to system redundancy in lighting and temperature loggers, useable data were obtained in 100% of the deployments. Compared to the limited time available during single dives of HOVs (e.g., the average time submerged per dive is 6.97 h for the DSV Alvin [Alvin Dive Statistics 2008, http://www.whoi.edu]), our device enabled us to conduct long-term observations of up to 28.5 h. Such observations are essential to observe and understand diel and rare biological and ecological phenomena. Furthermore, our device does not interfere too much with other experiments, since the amount of dive time and submersible space needed is minimal. SMOKE is lightweight (14.5 kg) and has a relatively small footprint (49.5 × 44.5 cm). Thus it could
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Macro camera temperature logger array be placed on top of scientific equipment already mounted on the DSV Alvin sample basket when held in place with one manipulator arm. Locating the desired observation site and deployment of our device was completed within 10 to 15 min after the submersible touched the bottom. Average time spent on recovery was less than 5 min. ROVs enable observations over a longer time period; for example, the average bottom time reported for ROV Jason was 18.5 h, and infrequently dives longer than 100 h have been completed (ROV Jason/Medea Operations Summary 2008, http://www.whoi.edu). In many cases, however, it would be more economical and practical to deploy time-lapse recorders such as SMOKE for long time observations. Building the SMOKE device was inexpensive and not labor intensive. The total material costs including the Coolpix P4 camera came to 500 US$. Overall machining time for the camera housing accounted for about 30 h. Fabrication and welding the steel frame took about 10 h, and drilling out the battery housing and constructing the LED array took 1 h per light source, using basic tools in our laboratory. Assembly of temperature sensors including soldering required 1 h per sensor unit. Also, the attention required by our device during daily use is minimal. Maintenance after each dive is accomplished within 15 min, involving a freshwater rinse, removing the camera, checking O-rings and acrylic window, and demounting the LED light source for the overnight battery recharge. Predive preparations take less than 1 h, and include adjusting camera and temperature sensors, repositioning the camera, and mounting LED light sources which must be accomplished immediately before the dive since our straightforward design does not include a power switch. Consequently, all components are running during the launch and descent. Thus we provide a valuable tool for macrofaunal observations over an extended period in a variety of deep sea habitats by combining long-term observation ability and low construction and operation costs.
Temperature readings obtained at hydrothermal vents have generally involved spot measurements using single standalone or submersible mounted sensors, such as the Vemco (Amirix Systems Inc.) or HOBO (DeepSea Power & Light) probes. These sensors provide data in a wide temperature range, but in some cases their sizes restrict the ability to document spatial variations over short distances. Consequently several single point measurements taken successively or simultaneously (e.g., Sarrazin et al. 2002 , Urcuyo et al. 2003 have been averaged to describe the temperature regime of faunal
Macro camera temperature logger array 531 assemblages at the Juan de Fuca Ridge. Our new method is the first to record spatial temperature variations on a micro-scale level, revealing surprisingly high magnitude and relatively stable temperature differences on a centimeter scale. For example, sensors 5 and 6 at observation site 1 were spaced only 38 mm apart, but the maximal recorded temperature difference was 18.5°C. This very steep gradient of more than 0.4°C/mm demonstrates that patchiness and spatial gradients of temperature conditions may be underestimated by previous studies of hydrothermal vent fauna assemblages. The ability to take detailed macro photography pictures, to identify species of less than 2 mm, and to combine the photographic data with centimeter-scale temperature readings separates SMOKE from optical monitoring systems deployed so far. Examples of innovative studies using such systems include the following. Changes of a gas hydrate mound and the biological community in the Gulf of Mexico (570 m depth) were observed using a pressure-resistant time-lapse camera placed about 1 m away from the edge of the mound and 2 m away from two thermistor probes (MacDonald et al. 2005) . The free-fall time-lapse camera "Bathysnap" (Lampitt and Burnham 1983 ) carries a recording current meter, was used for long time deployment only limited by the 35-mm film load, and enabled quantification of phytodetrital aggregates and megabenthos abundances beyond 4500 m (Bett et al. 2001) . Mobile megafauna activity was monitored with a 35-mm film time-lapse camera mounted on a titanium frame 2 m above the seafloor (Smith et al. 1993 ). The same system was used for
Macro camera temperature logger array 532 experiments showing that long-term time-lapse camera studies do not impact the behavior of abyssal megafauna (Vardaro et al. 2007 ). The recently developed ecological module TEMPO (Sarrazin et al. 2007 ) carries a color video camera with 720 × 576 pixels resolution combined with a chemical ion and sulfide analyzer. Two temperature probes were mounted close to the chemical analyzer inlet and a third one on the frame of the sensor module during deployment in 1700 m depth near a mussel assemblage at hydrothermal vents at the Azores Triple Junction (Sarrazin et al. 2007 ). Thus, to our knowledge, SMOKE is the only stand-alone apparatus capable of acquiring macro photography time-lapse pictures synchronized with centimeter-scale temperature readings. Preliminary data analyses showed that the recorded timelapse picture series can be used to track changes in distribution of mobile macrofauna, such as gastropods and polychaetes. Single pictures were combined into a time-lapse movie with various frame rate settings. By applying this method to pictures of observation site 2 and by using a high frame setting, we found that the resulting movie provides a good overview of the high activity of hydrothermal vent specimens at this low-temperature diffuse flow area (see supplementary movie: http://www.seareport.net/Rinke/smoke.html).
Outlook
For future studies, we recommend pressure-tested housings for the temperature sensor units (see Fig. 4 ). Furthermore, we have found that the number of images taken by the Nikon camera can be readily increased by using a flat polymer lithium ion rechargeable external battery, which can multiply the bottom time of SMOKE deployments. This external power source will be adapted for a projected camera replacement, the Nikon CoolPix P6000 (13.5 megapixels). Also, a light source using red LEDs is planned for nonimpacting behavioral studies of animals capable of vision.
Planned deep sea observatories such as Neptune Canada at the Juan de Fuca ridge in the Northeast Pacific will provide the basis for permanent sensor and instrument deployment in the near future. As a long-term goal, we hope to modify our device to allow continuous real-time data acquisition when networked to cabled undersea observatories such as Neptune Canada.
Comments and recommendations
In general, SMOKE can be used for any shallow-water or deep-sea studies, such as recordings of small demersal fish behavior (Nash 1982) , interactions of subtidal invertebrates (Morissette and Himmelman, 2000) , and baited observations of deep-sea scavenging fish fauna (King et al. 2008) . If a larger field of view is required, the distance between camera and substrate can be increased before deployment by adjusting the stainless steel extensions on the frame legs. SMOKE also provides spatial temperature data. This application is likely of value only at deep sea vents, since most of the deep sea has near constant temperature. Presently, the recording time of our device is limited to 1 to 3 days by battery power; use of additional batteries could extend the recording period. This device was designed for shorter-term deployments, however, so it does not replace other time-lapse camera systems such as the Aquapix SeaSnap (AquaPix LLC) or the WHOI tow cam (MISO, WHOI), which are camera-flash synchronized longterm deployment devices.
Multimedia files and other appendices
Supplementary movie: http://www.seareport.net/Rinke/ smoke.html. Time-lapse-camera movie of observation site 2, a low-temperature diffuse flow area. Pictures taken every 5 min were combined to a movie displaying 30 frames/s. The main motile fauna are the large predatory and scavenging whelk (Buccinum sp., Gastropoda; yellowish shell) and sea spiders (Pycnogonida, Crustacea).
